Abstract. Fusarium root rot is a major lim it ing factor in snap bean (Phaseolus vul gar is L.) production. The level of genetic resistance in commercial bean cultivars is minimal and disease is frequently ex ac er bat ed by environmental factors. We in ves ti gat ed the contri bu tion of vigorous, ad ven ti tious roots to enhancing root rot tolerance in snap bean. Seedling root system ar chi tec ture was eval u at ed in 17 recombinant in bred lines (RILs) from a cross of a resistant snap bean line (FR266) and a susceptible dry bean cultivar (Montcalm). The RILs varied in tolerance to Fusarium root rot. Although overall length and branching den si ty (as measured by fractal dimension and meristem numbers) of root systems were not related to root rot resistance, the lateral root number at the root : shoot in ter face was positively correlated with genotype tol er ance (R 2 = 0.6*). Root diameter was also positively correlated with tolerance; this is consistent with the hypothesis that larger ad ven ti tious and basal roots are benefi cial under disease stress. A fi eld-based study of com mer cial snap bean cultivars compared raised and fl at-bed systems of production, in a soil in oc u lat ed with Fusarium solani f. sp. phaseoli. Substantially greater yields (40% to 90%) were observed in raised beds. Root vigor was rel a tive ly high (root length density >0.2 cm·cm -3 ) and root rot scores were lower with raised than with fl at-beds, in 2001, but not in 2000. Over all, this is suggestive that in te grat ed crop man age ment practices can im prove lateral root vigor and reduce root rot severity.
a parent might reasonably be expected to have variable root traits, as 'Montcalmʼ is known to root poorly. Variation in adventitious rooting can also be studied using cultural practices (Bonser et al., 1996) . Modifi cation of the environment through use of planting beds enhances ad ven ti tious rooting in a number of vegetable crops (Leskovar and Stoffella, 1995) . Thus cultural, as well as genetic manipulation, can be used to investigate root traits and plant resistance to root rot.
This research focused on root system char ac ter is tics that could affect tolerance to root-rots, including production of lateral roots that branch from the main root system near the root/shoot interface. These are frequently re ferred to as adventitious roots, although, by defi nition, such roots arise from hypocotyl tissue. Roots that arise from the shoot-root transition zone have been termed basal roots (Leskovar and Stoffella, 1995) .
The objectives of this study were to test if a vigorous root system with multiple and sub stan tial adventitious rooting would im prove root rot tolerance in snap bean. Two lines of investigation were pursued. First, the association of root traits with root rot resistance was tested through a genetic comparison of 20 bean lines. The genotypes were evaluated in a glass cham ber assay and included inbred lines from the cross of a resistant and a susceptible cultivar. Second, the effect of a raised bed vs. a standard fl at production system was evaluated as a means to promote adventitious roots and re duce root rot in beans.
Materials and Methods

Genetic study
Genotypes studied. Twenty genotypes were selected for the study, including two sus cep ti ble cultivars, 'Montcalmʼ and 'Red Hawkʼ, one resistant parent 'FR266ʼ, and 17 re com bi nant inbred lines (F 4:8 ) from the Montcalm x FR266 cross (Schneider et al., 2001) . The lines were previously evaluated for root rot re sis tance level in 2 years of greenhouse and fi eld-testing. They varied markedly in root rot re sis tance, with scores from ≈2 to 6 (a scale was used to evaluate root rot severity from 1 to 7, where 1 = no disease or very slight root dis col or a tion, 2 to 6 = intermediate and in creas ing severity of dis col or a tion and lesion de vel op ment, and 7 = senescence and root system completely cov ered with lesions; Schneider and Kelly, 2000) . The inbred lines included in this study were selected randomly from the 100 plus RILs that were developed from the cross. Four replications of each line were included in this study.
Plant growth and management. Seedling bean root growth was evaluated using root observation chambers (Fig. 1 ). This tech nique was modifi ed from a growth pouch method (Bonser et al., 1996) . A range of growth media were initially screened for abil i ty to provide a uniform background in im ag ing and a rela tive ly homogeneous growth medium with aer a tion, texture, and resistance characteristics sim i lar to those of a sandy loam soil, thus Root rot is a worldwide problem in snap bean (Phaseolus vul gar is L.) production (Dickson and Boettger, 1977; Schneider et al., 2001) . Environmental stress, including intermittent drought, soil saturation, soil compaction, and cool soil temperatures predispose bean plants to severe root rot (Burke and Miller, 1983; Saettler and Anderson, 1982) . In most regions the primary causal agent of root rot in bean is Fusarium solani f. sp. phaseoli (Silbernagel and Mills, 1990) , al though Pythium species and Rhizoctonia solani Kuhn are also implicated in the disease com plex (Dickson and Boettger, 1977) . Control of Fusarium root rot is an intractable problem, as appropriate fungicide materials are expensive, not always effective and increasingly highly regulated. Further, genetic resistance to root rots is limited in the narrow genetic base of cultivars that meet the strict, market-driven quality traits for snap bean and closely related genotypes such as dark red kidney dry bean (Gepts, 1998) .
A hypocotyl assay has been widely used to study the root rot disease complex (Furuya, et al., 1999; Hassan, et al., 1971) . Inadvertent selection for ineffective root systems may have occurred in screening nurseries with high ly amended soils and disease-controlled environments. For example, modern, im proved cultivars of let tuce (Lactuca sativa) and other vegetables have relatively shallow root sys tems and low root : shoot ratios, compared with older land races and their wild progenitors (Jackson and Koch, 1997; OʼToole and Bland, 1987) . Po ten tial ly these root systems are vul ner a ble and ineffective without high rates of nutrient in puts and application of fungicide or fu miga tion. Cultural practices that reduce root re stric tion also tend to reduce the severity of root rot infection (Burke and Miller, 1983; Silbernagel and Mills, 1990) . Understanding possible relationships between Fusarium root rot severity and root system architecture and morphological characteristics could lead to more effective management of the disease. Cultural practices and genetic screening as says could then be tailored to enhance the appropriate root traits, and thus root rot re sis tance.
Quantitative evaluation of root traits is challenging given the methodological dif fi cul ties of studying the "hidden half" and high root plasticity (Lynch and Beebe, 1995; . The importance of vigorous lat er al and adventitious rooting has been sug gest ed but quantitative data are lacking (Abawi et al. 1985; Dickson and Boettger, 1977) . Inbred lines from a cross of a Fusarium-re sis tant (FR266) snap bean genotype and a stan dard, susceptible bean cultivar (Montcalm) provide an opportunity to examine a range of rooting traits. The recombinant inbred lines (RILs, F 4:8 ) from the cross provide a wide range of material with variable resistance to Fusarium root rot (Schneider et al., 2001) . Root system architecture was not char ac ter ized for the RILs, but FR266 was described by Silbernagel (1987) as having an unusually vigorous root system with many adventitious roots. Thus RILs with FR266 as sup port ing normal de vel op ment of root sys tem ar chi tec ture (Snapp et al., 2001 ). The growth me di um chosen for the glass chamber assay was coconut fiber, a relatively inert material with uniform dis tri bu tion of aer a tion and water holding ca pac i ty. Seeds were germinated on germination paper and uni form seedlings were placed in the top cen ti me ter of the medium. Growth under uniform moisture conditions was achieved by ap pli ca tion of dilute nutrient solution every other day. The growth cham ber was maintained at 28 °C day/25 °C night. All plants were in oc u lat ed 5 d after emer gence (dae) with Fusar i um solani f. sp. phaseoli, using 10 mL of 2 × 10 5 spores/mL. Mixed suspensions of mi cro conid ia and macroconidia were prepared from Fusarium solani f. sp. phaseoli cultures of a single isolate (FSPMI-HawksB) grown on potato dextrose agar plates for 21 d in 12 h light/ 12 h dark at 15 °C. Preliminary studies were carried out to de ter mine appropriate in oc u la tion procedures to obtain uniform coverage and a moderate in fec tion level at 10 d.
Root system observations. On two oc casions, at 10 d after inoculation (15 dae), and 9 d subsequently, the root system observable on the lower side of the chamber was scored for root rot symptoms (score = 1 to 7, as described above). The pathogens responsible for the lesions were further distinguished by isolation on selective media for randomly cho sen root tissue segments, where Fusar i um solani was the pathogen isolated in all cases. After 24 d, four replications of each line were harvested over 4 d, one replication per day. Root systems were washed out of the growth medium, arranged on a glass sheet using twee zers to fully separate roots, and the im age was scanned and analyzed.
A high resolution scanner was used to record root system architecture and to save the image for scoring of root rot lesion se ver i ty and analysis of root system traits. Scanner images were processed to produce a uniform background and for calibration purposes, then analyzed using the software WinRhizo (2001) . This allowed measurement of whole root sys tem length, average root diameter, fractal di men sion (an indicator of branching density and space-filling properties of the root sys tem), and number of meristems (Berntson et al., 1995) . Manual counting was conducted to determine the number of root system lat er als in the top 1-cm zone of the root system (Johnson et al., 2000) . Scoring of images for severity of root rot infection was conducted using the previously described 1 to 7 scale, where 1 = no symptoms and 7 = severely infected.
Cultural management study
Field site. The field plot site was located on the Southwest Michigan Research and Exten sion Center, near Benton Harbor, Mich. The soil type was an Oakville fine sand, a mixed, mesic Typic Udipsamments, typical of snap bean production sites in the region. The field was inoculated with mixed suspensions of microconidia and macroconidia from Fusar i um solani f. sp. phaseoli cultures as described previously for the genetic study. A mycelialconidial suspension was stirred, strained and the concentration of conidia was adjusted to ≈1 × 10 3 sporangia/mL using a haema cyto meter. All plots were inoculated with 150 mL·m -2 trial area on 29 June, 2000 and 26 June, 2001 .
Commerical cultivar root rot severity and yield were compared for two soil management systems: 1) standard flat production; and 2) raised beds. Raised planting beds were constructed using a commercial vegetable bed shaper and were 0.85 m wide × 0.15 m high. Three com mer cial ly grown snap bean cultivars ('Topcropʼ, 'Broncoʼ, and 'Herculesʼ) were com pared in 2000; six cultivars ('Hystyleʼ, 'Broncoʼ, 'Minuetteʼ, 'BBL 156ʼ, 'Labradorʼ, and 'Red Hawkʼ) were compared in 2001. The cultivars were chosen in con sul ta tion with industry rep re sen ta tives to rep re sent diverse market types. Plot size was 4 rows 3 m long; between row spacing was 0.6 m for standard flat production and 0.8 m for the raised bed system. The experimental design was a splitplot with four replications. The main plot was bed system and the subplot was cultivar. Cultural management practices followed Michigan State Univ. recommendations, including pre-plant fertilizer at 60 lb/acre N as ammonium nitrate (soil P and K levels were suffi cient). The preplant herbicide used was Dual, and Sevin insecticide was applied dur ing the growing season. Tensiometers were used to evaluate soil moisture and adjust ir ri ga tion scheduling to 20% higher than rec om mend ed, in order to enhance Fusarium root rot incidence (Saettler and Anderson, 1982) Scoring of root rot symptoms was carried out on 20 July and 21 Aug. 2000 and 26 July and 20 Aug. 2001. Four plants were ran dom ly selected from the external two rows of each plot, a 200-mm-radius × 200-mm-deep area was excavated using a shovel to obtain a relatively intact root system, and the root sys tem washed. Each plant was scored separately for symp toms using a scale of 0 to 4 (0 = healthy plant, 1 = few lesions on hypocotyl, 2 = in creased discoloration/larger lesions on central root system, 3 = entire hypocotyl severely dis col ored, and 4 = dead/dying plant). The patho gens responsible for the lesions were dis tin guished by isolation on selective media for randomly chosen root tissue segments; Fusar i um solani was the primary pathogen isolated.
Root traits were evaluated in 2000 and in 2001. In 2000, adventitious root scoring was determined on the same root systems that were excavated to determine root rot severity. The scoring system used was a visual scale of 1 to 4, where 1 = weak adventitious roots with less than 5 small lateral roots originating in the top 5 cm of the root/shoot interface, 2 = in ter me di ate adventitious vigor with four to seven lateral roots in the top 5-cm region, 3 = mod er ate ly vigorous adventitious roots with about seven to ten lateral roots, and 4 = highly vigorous adventitious roots with greater than nine substantial lateral roots in the top 5-cm of the root/shoot interface. Two individuals did all of the adventitious scoring to minimize variability. In 2001 root length density was measured, instead of scoring adventitious roots. Six sub-sample cores 50 mm in diameter × 200 mm deep were taken per plot, ran dom ly within the row. Soil samples were wet-sieved to pass a 2 mm pore sieve. Recovered roots were transferred to glass plates, the im age was scanned and Winrhizo analysis of root length was conducted as described above.
Beans were harvested on 28 Aug. 2000 and 21 August 2001. Two, 1.5-m sections of in te ri or rows were harvested by hand picking all beans and total fresh biomass was de ter mined for all pods longer than 50 mm.
Statistical analysis. Data were analyzed by analysis of variance (ANOVA) using a splitplot model with bed system as the main plot and cultivar as the subplot (Statistica, 1999) . Linear re gres sion of root traits vs. Fusar i um root rot score was conducted for data from root sys tems of bean lines grown in glass root ob ser va tion chambers. All data were checked for normality by plotting residuals vs. pre dict ed values.
Results and Discussion
Genetic study. Root rot scores of RILs in the chamber system were highly correlated (R 2 = 0.9**, data not shown) with previous root rot severity ratings established in fi eld and green house studies, confi rming variation in tol er ance to root rot in these lines (Schneider et al., 2001) . Overall length of the root system, fractal dimension (an indicator of branching density and space-fi lling properties of the root system) and number of meristems were not related to genotype root rot tolerance (data not shown). In contrast, average root di am e ter and root lateral branch number in the top 1-cm zone of the root system were associated with severity of root rot tolerance score and will be dis cussed here (Fig. 2 A and B) .
Root studies have to contend with extreme plasticity in growth responses to environment and thus high variability (OʼToole and Bland, 1987) . Although root system diameter at the fi rst sampling was not signifi cantly correlated with the root rot tolerance of inbred lines, it was negatively correlated with root rot se ver i ty (R 2 = 0.4*, Fig. 2A ) at the second mea sure ment. Thick roots may be associated with a root system that has a large number of sub stan tial adventitious and basal roots. Ten d after inoculation with Fusarium solani f. sp. phaseoli, the number of lateral roots in the top centimeter was not related to root rot infection severity. However, after 18 d of growth ( Figs. 2A and  2B ), laterals increased in the top cen ti me ter of root/shoot interface. The av er age number of laterals in the top centimeter varied from 3 to 11 and was positively cor re lat ed with genotype root rot tolerance (R 2 = 0.6, Fig.  2B ). Interestingly, the tolerant line FR266 had the highest number of lateral roots in the top centimeter and the susceptible Montcalm had the least number.
Root systems with many adventitious roots may escape some negative effects of disease by producing vigorous roots that compensate for the function of other lesion-infected roots. Compare, for example, the multiple lateral roots of a representative root system from the resistant parent line FR266 vs. the sparse lat er al roots in the susceptible parent cultivar Montcalm (Fig.  3) . A similar mode of re sis tance was observed in a tomato (Lycoperscion esculentum Mill.) cultivar CX8303, in which root growth outpaced se nes cence in response to Phytophthora root rot infection (Snapp and Shennan, 1994) . Descrip tive information about adventitious roots replacing function of infected main tap roots has been published previously (Abawi et al., 1985) , although we are not aware of any pre vi ous quantitative data on this phenomenon. A genetic study of the root architecture of inbred lines from lettuce and a wild lettuce progenitor (Johnson et al., 2000) also found lateral roots originating in the top zone of the root system to be one of the few traits that were predictive of stress tolerance-although drought stress tolerance was studied rather than root rot tol er ance. Seed color and size were not associated with resistance in this evaluation (data not shown). Earlier studies showed that large col ored seeds such as dark red kidney market classes tend to be susceptible to Fusarium root rot (Gepts, 1998) . Resistant, white-seeded genotypes have been identified previously, although they are rare (Dickson and Boettger, 1977; Gepts, 1998) .
Cultural management study. Root rot was more severe in the flat production system than in the raised bed in 2001; but not in 2000 (Table 1 ). Intermittent soil saturation or cool er tem per a tures could have en hanced root rot more in the former system than in the raised beds. In both years the beans were planted in mid-June to avoid cool soil temperature and focus instead on root growth and soil struc ture aspects of root rot tolerance. A sandy loam soil was selected for the field ex per i ment, as rep re sen ta tive of the majority of commercial pro duc tion en vi ron ments and to avoid prolonged soil saturation. Intermittent soil saturation is encountered on snap bean production soils in Michigan, where as pro longed flood-stress is rare, as growers avoid heavy soil. In ter mit tent oxygen stress can in duce root rot even in resistant bean gen o types (Burke and Miller, 1983) .
Root system length was somewhat higher in the raised bed than in the conventional fl at production system, but the differences were not significant (Table 1) . A vigorous root system may be associated with tolerance to Fusarium root rot infection in bean roots with already well-developed lesions (Burke and Miller, 1983) . Scores for adventitious roots in 2000, however, did not indicate any re la tion ship between tolerance to Fusarium root rot infection and bean yield (data not shown).
Yield of cultivars grown in Fusarium-infest ed soil was enhanced by 40% (2000) and 90% (2001) in the raised bed system than on the flat (Table 1) . Green bean yield of cultivars varied from 0.3 to 0.9 kg·m -1 on a linear row basis, which was equivalent to 3430 to 9070 kg·ha -1 . No one cultivar showed a consistently greater resistance to root rot or a greater ben e fit from production on raised beds. Raised bed systems reduce root rot resistance in other vegetables, and are rec om mend ed for bean production in New York (Abawi et al., 1985) . Combined benefits are expected from cultural practices such as raised bed systems, which in our study was as so ci at ed with a larger root system; the soil may have been better drained as well (soil sat u ra tion was not mea sured). The considerable investment required for equip ment and till age requirements as so ci at ed with raised beds are barriers to wide-spread adop tion by grow ers. The substantial yield increase observed in our study, observed across diverse cul ti vars representing different market types, warrants further study of the costs and ben e fi ts associated with the raised bed system. There may be more affordable tillage sys tems than raised beds-such as ridge pro duc tion sys tems-that provide similar ben e fi ts in terms of promoting root vigor and soil aeration.
Conclusions
In these studies a large root system was associated with Fusarium root rot tolerance in bean. A substantial number of lateral roots in the top 1 cm, at the root-shoot interface, were observed in genotypes with greater resistance to Fusarium root rot. Sus cep ti ble cultivars Montcalm and Red Hawk had the least number of lateral roots at the root : shoot interface, and tolerant FR266 had the highest number. Plant breeders may be able to improve root rot tolerance through focusing on root traits, al though the result needs to be tested using a much larger number of genotypes than the 17 RILs and parents included here. Raised bed production was associated with reduced root rot in one year and improved yields in both years of fi eld testing. Higher root length den si ty was ob served in raised beds versus fl at production. This supports the use of integrated crop man age ment practices to improve root system vig or. Further research should in vesti gate how com bined genotypes and cultural practices can promote adventitious and basal root de vel op ment.
